Atrial fibrillation (AF) ablation is widely performed and is progressively supplanting drug therapy. Catheter-based AF ablation modalities have evolved progressively in parallel to our understanding of underlying mechanisms. Initial attempts to mimic the surgical maze procedure, which were based on the multiple wavelet model, failed because of adverse outcomes and insufficient effectiveness. A major advance was the targeting of pulmonary veins, which is highly effective for paroxysmal AF. Active research on the underlying mechanisms continues. The main challenge is reconnection, but procedures to minimize this are being developed. Ablation procedures for persistent AF are presently limited by suboptimal success rates and long-term disease progression that causes recurrences. Basic research into the underlying mechanisms has led to promising driver mechanism-directed clinical approaches along with pathways toward the prevention of atrial remodeling. Here, we review the role of basic research in the development of presently used AF-ablation procedures and look toward future contributions in improving outcomes. (J Am Coll Cardiol 2014;64:823-31)
A trial fibrillation (AF), the most common sustained cardiac arrhythmia, has complex underlying mechanisms (1) . The incidence and prevalence of AF are increasing as the population ages (2) . By the mid-1990s, ablation had revolutionized the therapy of most cardiac arrhythmias, with the notable exceptions of AF and ventricular tachycardias (3) . The subsequent development of successful AF ablation procedures has dramatically changed AF management, but many limitations remain (4) .
The evolution of AF ablation has been marked by dynamic feedback between basic science concepts and clinical observations, each at various times contributing to advances in the other (Fig. 1) . This paper reviews the fundamental science related to AF ablation, discussing the basic knowledge that led to advances in ablation procedures, findings emanating from clinical observations that forced a return to the bench to reconsider basic mechanisms, and present challenges to ablation success that require further improvements in our understanding of underlying mechanisms (Central Illustration).
BASIC RESEARCH AND THE EARLIEST AF ABLATION PROCEDURES
Multiple basic mechanisms (Fig. 2) were recognized as potential contributors to AF in the early 20th century (1, 5) . However, following Gordon Moe's classic work (6) , the multiple wavelet hypothesis ( Fig. 2A) predominated. The multiple wavelet hypothesis provided a quantitative framework for Garrey's much earlier idea (5) that the persistence of fibrillation depends on a critical mass of tissue large enough to support multiple re-entrant waves that prevent simultaneous termination of all underlying re-entrant activity.
Translation of this paradigm (Fig. 1A) to humans led to the development of the surgical maze From the *Research Center, Montreal Heart Institute and Université de Montréal, Montreal, Quebec, Canada; ySecond Department procedure (7) (Fig. 1B) , arguably the single most successful nonpharmacological approach to sinus rhythm maintenance for AF ("arguably" because the quoted success rates for the maze procedure are on the basis of symptomatic recurrences, and many AF recurrences are asymptomatic). The first catheter-based ablation approaches for AF (Fig. 1C) were designed to mimic the surgical cut-and-sew maze procedure (8) (9) (10) . This first phase of AF ablation largely failed because right atrial-directed ablations were generally insufficient to control the arrhythmia, transmural linear lesions proved very difficult to achieve, and left atrial (LA) procedures were associated with an unacceptable risk of major complications, particularly stroke (10).
THE ROLE OF PULMONARY VEINS AND OTHER KEY ANATOMICAL STRUCTURES
A key discovery in the development of AF ablation was the recognition by Haissaguerre et al. (11) of the role of pulmonary vein (PV) cardiomyocyte sleeves in AF, which led to a variety of PV-directed ablation approaches (Fig. 1D) . Because the mechanisms for PV participation in AF were unclear, investigators began to address them (Fig. 1E) . Initially, the role of the PVs was attributed to well-localized, spontaneous focal ectopic driver activity, which was supported by observations of dramatic resolution of AF with local radiofrequency (RF) energy application in a PV.
However, it soon became apparent that AF tended to recur because other sources in the same and other PVs emerged, and pulmonary vein isolation (PVI) rapidly replaced focal ablation (12) . Basic studies had identified spontaneous PV activity in the early 1980s, but the firing rate was slow and unlikely to contribute to AF (13) .
Following the report by Haissaguerre et al. (11) , basic scientists noted rapid arrhythmic activity in rabbit PVs (14) and provided evidence of Ca 2þ mishandling in canine PVs (15) . However, other observations in dogs failed to support the idea that normal PV sleeve cardiomyocytes spontaneously generate rapid focal activity (16) (17) (18) . Moreover, PV cardiomyocytes displayed action potential (AP) properties (short AP duration and decreased phase 0 upstroke velocity) that reduce refractoriness and conduction velocity, potentially promoting reentry (17) . In addition, structural properties of PV cardiomyocyte sleeves, including longitudinal dissociation and abrupt shifts in fiber orientation, also favored local conduction slowing, block, and re-entry (19, 20) . A mathematical model incorporating realistic PV cellular electrophysiology and coupling properties suggested that there was enhanced vulnerability to local re-entry (21) . This model was recently corroborated in the clinical electrophysiology laboratory (22) .
Present evidence suggests that multiple features of the PV cardiomyocyte sleeve predispose it to either focal or re-entrant activity, with discrete roles in AF initiation and maintenance in specific patient populations (23) .
PVI was soon noted to be much more effective for paroxysmal than persistent AF (24) . Subsequent work showed that non-PV sources become more important as AF becomes more persistent (25) . 
THE ROLE OF AUTONOMIC NERVOUS SYSTEM STRUCTURES
It has long been recognized that the autonomic nervous system plays an important role in governing AF susceptibility (35) . Cervical vagal-nerve stimulation promotes long-lasting AF by abbreviating the atrial effective refractory period in a spatially heterogeneous manner (36, 37) . Cholinergic stimulation stabilizes AF-maintaining rotors (38) . Depending on tissue properties and geometry, vagal AF may be maintained by single rotors or complex functional multicircuit re-entry (39) . Adrenergic stimulation promotes AF by enhancing triggered activity (40) . In some pathological contexts, adrenergic activation is essential for the emergence of atrial ectopic activity (41) . Autonomic neural activity induces Ca 2þ -dependent atrial tachyarrhythmias in canine models (42) (43) (44) , and stellate-ganglion cryoablation delays tachyarrhythmia development (44) . Cardiac autonomic inputs pass through epicardial fat pads to form ganglionated plexuses (GPs), containing both sympathetic and parasympathetic components (40, 45) .
Ablation of cardiac GPs suppresses vagal AF (46, 47) .
The effectiveness of GP ablation in other AF models is model-specific: atrial tachycardia remodeling produces autonomic hyperinnervation, and GP ablation has substantial anti-AF effects in tachycardiaremodeled dogs; however, experimental heart failure causes denervation, and GP ablation has no effect on AF associated with heart failure (48). Experimental sleep apnea induces spontaneous AF following increased GP firing, and GP ablation suppresses apnearelated AF inducibility (49) . 
Translational Research in AF Ablation prevent reinnervation may need to be developed.
A recent study showed that PVI plus GP ablation provided modestly (but statistically-significantly) improved sinus rhythm maintenance over PVI plus linear ablation (54) .
Renal sympathetic denervation has generated considerable excitement as an approach for managing resistant hypertension (55) . Both clinical studies (56) and experimental data (57, 58) have suggested that there is AF protection following renal sympathetic denervation. However, the carefully conducted,
sham denervation-controlled, SIMPLICITY HTN-3 trial failed to document any benefit from renal denervation in resistant hypertension (59), raising doubts about the procedure.
DYNAMICAL PROPERTIES OF ATRIAL ACTIVITY AND ABLATION TARGETS
The term dynamical is often applied to describe time-dependent properties, in particular those that concern the relationship between each event in a series and the preceding event. Atrial dynamical properties that relate to the development and maintenance of atrial tachyarrhythmias have been exploited to guide AF ablation (Fig. 4) .
PROPERTIES OF LOCAL ATRIAL ELECTRICAL ACTIVITY AS GUIDES TO AF ABLATION
The targeting of sites with complex fractionated atrial electrograms (CFAEs) (Fig. 4A) was initially reported to produce very high success rates in clinical AF (60) . 
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DOMINANT-FREQUENCY ANALYSIS
An early experimental study introduced the concept of AF drivers: rapidly-firing regions that maintain the arrhythmia (31) . Mechanistically, either focal ectopic sources (Fig. 2B) or rapid local re-entry (Fig. 2C) might underlie driver activity. Dominant frequency (DF) analysis (Fig. 4B) was introduced to identify rapidly-discharging periodic sources showing maximum DFs (DF max ) that might be AF drivers (66) .
Left-to-right atrial DF gradients are consistent with a primary role of the LA in AF maintenance (67, 68) , and studies of tissues from AF patients have provided insights into potential ionic mechanisms (69) . One study showed that DF max -targeted ablation improved outcomes when significant reductions in DFs and left-to-right atrial DF gradient were achieved (70), but a subsequent study (71) 
RESTITUTION PROPERTIES AND ROTORS
Dynamical properties, such as the response of the AP to premature activation and increased activation rates (Fig. 4C) , contribute to AF vulnerability (73, 74) . Abnormalities in Ca 2þ handling are important in abnormal rate adaptation (73) . Steep AP duration restitution favors the initiation of re-entrant arrhythmias (74) , and may help to identify appropriate sites for intervention (75) . Electrical restitution properties of atrial tissue (76) were recently incorporated in computational algorithms to identify AF driver mechanisms in patients (77) .
The concept of "spiral-wave re-entry" (Fig. 5 ) has significant implications for AF. Initially developed by
Winfree (78, 79) , spiral-wave re-entry differs in some important ways from the "leading circle" paradigm initially developed by Allessie et al. (80) . Rotor is a descriptive term for a spiral-wave re-entry generator.
Rotors can be long lasting and stable, or transient and enduring as briefly as a single rotation.
NOVEL MAPPING-METHODS AND MECHANISM-DIRECTED ABLATION
Arguably, one of the greatest contributions of basic research to AF ablation is the recent development of mechanism-directed approaches (Fig. 1F) . The idea of targeting the patient-specific substrate underlying AF emerged from basic research over a decade ago (81), but only recently have tools been developed to apply this concept clinically.
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